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3ABSTRACT 
 
 
 
Functional electrical stimulation (FES) is one of the treatment for the people with 
stroke such as hemiplegic body (half body paralysed) by applying small charges of 
electricity to the muscle to induce the movement.  FES can be applied during 
rehabilitation stage to enhance the healing process. The development of the intelligent 
hemiplegic model of the knee joint and control strategies with fatigue reduction for the 
FES control application are the main concern of this thesis. Modelling the 
musculoskeletal is significantly challenging due to the complexity of the system.  
Development of the knee joint model that is capable of relating FES parameters is the 
first aim of this study. The knee joint model comprising of equations of motion to 
represent the segmental dynamics and PSO optimised Neural Network - ARX to 
represent quadriceps muscle properties was formulated. The results show that the 
muscle model developed gives an accurate dynamic characterisation. Development of 
the FES-induced extension and flexion motions control is the second aim of this study. 
To control the motor function of muscle by using external devices such as FES is one 
of the crucial issues. High nonlinearity and rapid change of muscle properties due to 
fatigue are the major problems of the FES control system. PSO optimised Fuzzy Logic 
Control (FLC) has been proposed to handle this complex nonlinear system. A natural 
trajectory control strategy by using the proposed control system has been assessed. 
There are two control strategies; knee movement control with and without minimised 
electrical stimulation were developed. The control problem was to design a FLC such 
that the knee joint track the desired trajectory as closely as possible. Then, both control 
strategies were investigated in terms of muscle fatigue. Multi objective PSO optimised 
FLC was used to minimise the amount of electrical stimulation in order to reduce the 
muscle fatigue. This control strategy has shown up to 32.6% minimisation of the 
electrical stimulation in the simulation studies and 35.89 % reduction the muscle 
fatigue in the experimental work. Therefore, this control strategy can be applied as 
FES control system for the treatment in rehabilitation to enhance the healing process 
for the stroke subjects such as hemiplegic patients. 
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4ABSTRAK 
 
 
 
Functional electrical stimulation (FES) adalah rawatan orang yang mengalami strok 
seperti orang yang lumpuh separuh badan dengan mengenakan caj elektrik yang kecil 
terhadap otot untuk memulakan satu pergerakan. FES boleh digunakan semasa 
peringkat pemulihan bagi meningkatkan proses penyembuhan. Permodelan sendi lutut 
bagi pesakit strok yang lumpuh separuh badan dan strategi kawalan otot bagi aplikasi 
kawalan FES adalah tumpuan tesis ini. Permodelan sendi lutut adalah amat mencabar 
kerana ia merupakan sistem yang kompleks. Pembangunan model sendi lutut yang 
berkaitan dengan parameter FES adalah matlamat pertama kajian ini. Model sendi lutut 
yang terdiri daripada persamaan pergerakan yang mewakili bahagian dinamik dan 
Neural Network - ARX yang mewakili sifat otot quadriseps telah dirumuskan. 
Hasilnya menunjukkan bahawa model otot yang dibina memberikan ciri dinamik yang 
tepat. Kawalan pergerakan kaki ke hadapan dan ke belakang dengan menggunakan 
FES merupakan tujuan kedua kajian ini memandangkan ia adalah penting untuk 
mengawal fungsi motor otot dengan menggunakan peranti luaran seperti FES. 
Ketidaklinearan yang tinggi dan perubahan cepat bagi ciri-ciri otot akibat daripada 
keletihan adalah masalah utama sistem kawalan menggunakan FES. Kawalan Logik 
Kabur (FLC) dioptimumkan oleh PSO telah dicadangkan untuk mengendalikan sistem 
yang tidak linear dan kompleks ini. Satu strategi kawalan berdasarkan trajektori 
semulajadi dengan menggunakan sistem kawalan telah dinilai. Terdapat dua strategi 
kawalan; Kawalan pergerakan lutut dengan dan tanpa meminimumkan jumlah caj 
elektrik telah dibangunkan. Masalah kawalan adalah untuk merekabentuk FLC supaya 
pengawal ini mengikuti trajektori yang diingini. Kemudian, kedua-dua strategi 
kawalan disiasat dari segi keletihan otot. FLC dioptimumkan oleh PSO telah 
digunakan untuk meminimumkan jumlah rangsangan elektrik untuk mengurangkan 
keletihan otot. Strategi kawalan ini telah menunjukkan sehingga 32.6% pengurangan 
caj elektrik dalam kajian simulasi dan 35.89% pengurangan keletihan otot dalam kerja 
eksperimen. Oleh itu, strategi kawalan ini boleh digunakan sebagai satu sistem 
kawalan menggunakan FES untuk rawatan dalam pemulihan bagi meningkatkan 
proses penyembuhan bagi orang strok seperti pesakit hemiplegia. 
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11INTRODUCTION 
 
 
 
 
1.1 Preface 
 
 
The most complicated centre of nervous system and organ in the body of human being 
is the brain. Senses, feeling, thinking and data storing of human being are generated 
by the brain. The impulses from other sensory parts of the human body travel to the 
brain via spinal cord and vice versa. The brain function could be lost due to brain injury 
and cerebrovascular disease leading to the effect of function loss like the action of 
doing the body motion. The stroke disease influences the human body making it to be 
a hemiplegic body. The level of seriousness of this disease varies according to the 
injury level and type. A severe effect of stroke can be observed in the patient who has 
one-sided limb impairment.   
Realising the effect of stroke on an individual, an assistance is needed by 
deploying artificial device to help the patient to slowly get his or her body function 
back even though it is actually a difficult task. The process of regaining the function 
of the human body that is lost has become a main problem. Therefore, a technique 
named as functional electrical stimulation (FES) has been introduced to be utilised in 
the rehabilitation. The FES generates contractions in the body muscle that is paralysed. 
The rehabilitation aims are to enhance the healing process and regain the function of 
motor of the patients with paraplegic condition (Quandt & Hummel, 2014). As the 
healing effect and the reduction in stroke severity are sometimes insufficient for the 
people with distal muscle, therefore stimulation based on electricity is chosen to obtain 
desirable outcome.    
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According to Booth et al., (2012) there are several diseases which are 
connected to physical inactivity that are caused by stroke. The diseases are coronary 
heart disease, obesity and resistant to insulin disease. The development of these 
diseases can be avoided and overcome by having the stroke patients to do exercise 
physically if it is in their capability. If their body movement is limited, they could 
employ the usage of device of stimulation that functions electrically  (Kjaer, 2000). 
One of the examples is the hemiplegic patients with paralysed leg muscle can do a few 
exercises like making the movements of flexion and extension helped by the FES 
application. Exercise has been known to possess outstanding effect on the human body. 
It can raise the efficiency of the muscle body and increase the muscle strength.  
 
 
1.2 Stroke 
 
 
According to World Health Organization (WHO), stroke occurs as the result of rapid 
development of focal interference or disturbance of the function of cerebrum. The most 
serious effect of having stroke caused by vascular problem is death and the less serious 
one is just by having it for about 24 hours and sometimes it is longer than that. Stroke 
is known as an adventurous disease to be avoided by the patients and providers of 
health care as it occurs instantaneously with unpredicted early physical symptom. It is 
discovered that stroke in the developing countries ranks the third of death-caused 
disease and it also causes the morbidity disease (Venketasubramanian, 1998).  The 
acute stroke-survived patients possess some disabilities problems due to the stroke 
attack. In a more serious case, they will not be able to do their daily routine thus 
requiring long term assistance and rehabilitation.  
Stroke is categorised into two types which are haemorrhagic stroke and 
ischemic stroke. Haemorrhagic stroke is mainly induced by bleeding. It may also 
develop by having high level of stress and insufficient physical activity such as 
exercise done by the human body. The formation of clotting of blood decreases the 
supply of blood that has to be flowed to the body organs like the brain and nerve cell 
like the neuron.  Destruction of neurons and their function lead to disability. The level 
and type of the disability depend on the part of brain involved and the area size of the 
attacked region area (Song, 2005). The ischemic stroke occurs due to formation of 
blockage or slow flow movement in vessels that can be caused by some particles or 
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blood clots. This stroke can also develop by having diseases like diabetes, high level 
of cholesterol and blood pressure and consuming alcoholic drink excessively. Figure 
1.1 shows the blockage lodged in the blood vessel and Figure 1.2 illustrates the major 
divisions of the brain motor cortex. Several clinical syndromes can occur depending 
on the area of involvement. Stroke is categorised based on the lost function of sensory 
component and motor.   
 
 
Figure 1.1 : Blockage lodged in blood vessel (http://www.similia.lv) 
 
 
In Malaysia, stroke is the top of two leading causes of death reported by 
Malaysian National Burden of Disease Study. According to Ministry of Health (2004), 
mortality caused by stroke constituted 8.9 % in male people and 12.1 % in female 
people of total certified deaths. As reported by Department of Health Informatics, 
Ministry of Health Malaysia in 2015, the number of morbidity in stroke increased 
exponentially from 2012 to 2015. The number of mortality in people was smaller than 
the one in morbidity.  Figure 1.3 shows that the mortality and morbidity statistic stroke 
in Malaysia from year 2009 to 2015 (Ministry of Health Malaysia, 2015). Therefore, 
a device for rehabilitation of stroke named as the FES has been utilised to enhance the 
healing process in stroke subjects (Conforto et al., 2016).  
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Figure 1.2:  Motor cortical centre (http://neurosciencenews.com) 
 
 
 
Figure 1.3: The statistics of stroke for morbidity and mortality of people in Malaysia 
from 2009 to 2015 (Ministry of Health Malaysia, 2015) 
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Physiology is normally implemented in medical care of stroke patients to help 
them to recover their impaired motor function or assist them in their limited sensory 
ability. According to Pereira et al., (2013), physiology is crucial for them as it enhances 
their life quality and enables them to do their daily routine.   Usually, once the patients 
with acute stroke attack have gained their stable condition, they will undergo 
rehabilitation of stroke. The sequence of the stroke recovery is set into three major 
settings which are the hospital itself followed by the specialised unit of rehabilitation 
and community (Pollack & Disler, 2002). 
As stated in (Sivenius et al., 1985 & Dobkin, 2004) the results of the stroke 
recovery depend on the approaches used during the rehabilitation. A deep 
understanding and knowledge regarding the recovery period and optimum function of 
a rehabilitation device is crucial to produce recovery with maximum effect in just a 
short period of time. It eventually will help in identifying and working out appropriate 
mechanism to be employed in recovering the patients.  
Rehabilitation stroke has been investigated to examine its effectiveness on the 
stroke patients. It has been found that the morbidity and mortality in the stroke-
attacked people are able to be significantly decreased via the rehabilitation process 
(Hamid & Hayek, 2008). Rehabilitation is one of three care settings that has been 
previously stated. It has to be started once the patients have regained their stable 
condition. Based on research works that had been carried out, the conditions of the 
patients before undergoing the rehabilitation were  4 % of them having severe 
disability, 10 % of them did not have any disability, 19 %, 26 % and 41 % of them 
possessed extremely severe disability, moderate disability and minor disability 
respectively (Jørgensen et al., 1995). Once the patients underwent the whole 
rehabilitation process, it was found that 91.9 % of the stroke survivors managed to 
carry out their daily self-care  routines (Venketasubramanian, 1998). It can be 
concluded that the rehabilitation plays an important role in assisting the recovery 
process for the survivors of stroke regardless of their age, period of recovery and level 
of stroke severity.  
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1.3 Functional Electrical Stimulation 
 
 
Functional electrical stimulation (FES) is a treatment using small charges of electricity 
to be given to certain part of human body to induce a body movement. If people with 
impairment or stroke survivors find it hard to walk due to destruction that occurs in 
spinal cord or brain, the FES can be employed to enhance their capability of making 
body movement.  For the past half century, researchers, engineers and scientists have 
been developing FES-based devices and methods to overcome this problem. Rushton 
(2003) states that the FES has the potential to be deployed as a neural artificial device 
neural prosthesis to regain back the destructed function of human body. The FES 
functions by directly inducing the movement of muscle via electrical pulses. It can be 
done on either semi-paralysed muscle or the complete paralysed one by ignoring the 
damage on the brain. The concepts of the FES are simple (Meng et al., 2017) , but its 
realisation is challenging (Peckham, & Kilgore, 2014). The FES techniques should be 
carefully studied before applying it on the subjects, it is more controllable with low 
effects on the patients. In order to obtain a complete functional electric circuit, there 
are two electrodes needed. According to Rushton (2003), the lesser the surface 
electrode used, the better is the performance of the circuit especially for the FES and 
when the circuit involves the surface electrodes. 
The FES that it is actually a device invented to help the stroke survivors to 
carry out their daily routine independently. To enhance the ability function, low level 
of electrical signal is applied to disability people (Ho et al., 2014). Nerves brain and 
muscle maintain in good and healthy condition but their function commanded by the 
brain signal will be disrupted and cut off if the system of the brain is damaged. The 
FES device provides electrical stimulation on the muscle so that it can replace the 
signal commanded by the brain to enable the contraction of muscle. The system of the 
FES comprises of a few parts which are the stimulator and electrodes. In implementing 
the FES, the charges of current in the form of pulses within the electrodes induce the 
disabled muscles causing their contraction to occur.   
The stimulation approaches can be categorised into three types. The first one 
is a method using implanted electrodes. The electrodes are positioned on muscle 
surface and the nerve is wrapped around by cuff to stimulate the selected muscle. A 
surgery is needed to place and remove the electrode and stimulator inside the human 
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body. The second one is an approach using percutaneous electrodes. These electrodes 
are located inside muscle and their responses through skin to the same stimulus 
maintain the same. The last one is surface electrodes or transcutaneous electrodes. 
They are very easy to be deployed as they only have to be located on the surface of 
skin without requiring a surgery. This type of surface electrode is chosen since it is 
safe and easy. 
There are many advantages of employing the FES. The first priority of the FES 
is to enhance the health of paraplegic people which can be achieved by applying 
electrical signal to the large muscles of their paralysed leg or hand as an exercise for 
them. Another benefit of using the FES is that it is more acceptable and suitable to be 
executed than the orthoses because it is quick and easy to be applied even to the 
extreme case (Bajd et al., 1981). Moreover, it enables motor development in the 
paraplegic patients and provides health and fitness by evoking leg exercise for spinal 
cord (Hamzaid & Davis, 2009). The best thing of implementing the FES is that it can 
be used at home and the therapy duration is not limited.  
 
 
1.4 Problem Statements 
 
 
Conventionally, therapists design appropriate one-to-one rehabilitation exercises and 
training protocols based on the patient’s ability that can be represented by various 
approaches. Although conventional therapies have positive effect to restore the motion 
function, many new rehabilitation approaches and devices are developed for optimal 
outcome. One of the rehabilitation approaches that have been applied in stroke 
rehabilitation is by using FES. 
FES applied to the lower motor neurons can replace the missing signals from 
the central nervous system. The integration of FES within a musculoskeletal control 
system has been proposed many researchers. Modelling and control of the motion 
induced by the FES are the adventurous fields for the medical scientists, researchers 
and engineers to study. The task of stimulating the paralysed muscle is difficult to be 
executed due to the presence of a few factors which are its behaviour of time 
independent, easiness to be fatigued and strong nonlinear property (Le at al., 2010).  
There are two main problems identified in this research. The first problem is 
related to the modelling of the muscle and another problem is related to the control 
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strategies of the FES application. The problem related to the muscle modelling is due 
to the complexity of the system. The muscle models are known for their strongly 
nonlinear behaviour (Hayashibe, Guiraud, & Poignet, 2013) making it difficult to 
model them. The traditional way to cater such system by using mathematical 
modelling will end up with very long equations (Ibrahim, 2010). However, the 
resulting models mostly end up to be in deterministic condition. Additionally, 
mathematical model will generate some important points regarding the muscle and 
will not take into account any physical characteristic of the muscle that leads to the 
missing of information. Sometimes key information is missing (e.g., initial 
conditions), sometimes the values of parameters are missing or wrong and sometimes 
there are errors in the equations. In order to provide a good solution for this problem, 
a new modelling approach for nonlinear muscle model has to be developed.  
The second problem regarding the control strategies is related to muscle 
fatigue. There are a lot of researchers have highlighted this issues (Lalitharatne et al., 
2013). The existing FES technology results in rapid muscle fatigue due to the high 
stimulation current that is used to induce a muscle contraction (Doucet et al., 2012; 
Ibitoye et al., 2016). Muscle fatigue is the decline in ability of a muscle to generate 
force. It can be a result of vigorous exercise but abnormal fatigue may be caused by 
barriers to or interference with different stages of muscle contraction. Fatigue 
reduction is the act of making a specified action to be less in the amount of knee angle. 
Based on this problem, most of the existing control strategies for the FES application 
do not obviously address fatigue reduction (Lynch, 2011).  In 2001, Zhang and Rymer 
stated that once the fatigue occurs, it would be more difficult for the subject to maintain 
a steady background extension torque. Therefore, the trial length was reduced to 9 s in 
their work (Li-Qun Zhang, W. Zev Rymer, 2001). According to Del-Ama et al., (2014) 
in the case of neurological impairment muscular, the fatigue due to FES would 
eventually appear. The deficiency of muscular response and muscle fatigue in 
individuals with paralysed can be compensated due to the electrical stimulation on the 
paralysed muscle. This study will also focus on the fatigue reduction by minimising 
the amount of electrical stimulation as one of optimisation objective in the controller 
development. Therefore, this control strategy can be applied as FES control system for 
the treatment in rehabilitation to enhance the healing process for the stroke subjects 
such as hemiplegic patients.  
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1.5 Aims and Objectives of the Study 
 
 
This work aims to develop the model of hemiplegic knee joint and develop the control 
system with fatigue reduction strategy for the FES extension and flexion movement. 
In order to succeed them, a few objectives are drawn and stated below:  
 
1. To apply the segmental dynamics of the knee joint based on Kane’s equation 
of motion and anthropometric data to get the accurate measurements of the 
specific subjects. 
2. To develop the quadriceps muscle model of the hemiplegic subjects based on 
experimental data using Neural Network Autoregressive Exogenous (Neural 
Network - ARX) and optimised by using Particle Swarm Optimisation with 
high accuracy. 
3. To develop natural trajectory based FES control for flexion and extension of 
knee joint with minimum amount of electrical stimulation for fatigue reduction 
in the simulation environment. 
4. To validate and assess the proposed controller in the experimental works in 
terms of tracking performance and muscle fatigue felt by paralysed muscle.  
 
 
1.6 Scopes of the Study 
 
 
The scopes of the research are as follows: 
 
1. Five hemiplegic subjects will be involved in this study since these types of 
stroke patients are high in number.  
2. Simulink/Matlab is used as simulation and experimental platform since this 
high-level programming software owns a lot of built-in functions (Toolboxes 
and Blocksets) that can simplify programming. It also allows the creation of 
control programs using intuitive block diagrams (Simulink). 
3. The PSO is used as an optimisation strategy since it can provide fast 
convergence to global minima and escape from local optima. 
4. Only quadriceps muscle will be stimulated in this study since the quadriceps 
muscle is the largest muscle for the movement.  
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